We experimentally investigate the high-order harmonic generation in argon gas cell driven by a multi-cycle broadband infrared laser pulse from a tunable optical-parametric-amplifier (OPA) source. The generation of high-order harmonic continuum with the cut-off photon energy up to 110 eV is observed by tuning the chirp of the 800-nm laser pulse which pumps OPA source. The generation of harmonic continuum is understood in terms of the two-hump structure of the OPA output spectrum and the optimal relative phase of the two humps. The demonstrated scheme is of importance for the generation of extreme ultraviolet (XUV) continuum at higher photon energy region.
High-order harmonic generation (HHG) has been intensively explored in the past decade, since it is a promising approach for table-top extreme ultraviolet (XUV) light sources and attosecond ultrafast pulse [1−7] . The underlying dynamics of HHG has been widely and deeply studied, and harmonic generation process is usually descried by classical three-step model, strong-field approximate and Feynman's path-integral approach [8−10] . Both theoretical and experimental results demonstrate that either the enhancement of the laser intensity or the use of the longer wavelength can extend the cut-off photon energy. Yakovlev et al. [11] theoretically predicted several important advantages when using mid-infrared driving laser pulse. One of these advantages is that an isolated attosecond pulse with photo energy above 100 eV can be extracted from plateau harmonics. Lan et al. [12] also theoretically showed that the harmonic yield can be enhanced and scales as λ −3 − λ −4 in the plateau region by the two-color infrared laser fields, which falls more slowly as the increase of the driving laser wavelength compared with λ −5 -λ −6 in a one-color infrared field. Therefore, the two-color scheme has been demonstrated as an effective way to achieve an enhancement of the high harmonics [13] , and has also proved to be a new insight into atomic and molecular orbital imaging or transient dynamic [14−16] . By combining the fundamental 800-nm laser pulse and another infrared 1.3−1.6-μm parametric pulse, Vozzi et al. [17] reported the generation of a coherent continuous spectrum above 100 eV, and Takahashi et al. [18] also achieved the very intense attosecond pulse generation through optimizing such multi-cycle two-color laser field. Moreover, by combining two noncommensurate infrared laser pulses, Negro et al. [19] experimentally demonstrated a new technique for the temporal gating of high-order harmonic continuum.
In this letter, we demonstrate the generation of the XUV continuum beyond 110 eV using only one multicycle optical-parmetric-amplitier (OPA) laser pulse with the passively stabilized carrier-envelope-phase (CEP). Through changing the chirp of OPA pump pulse and the crystal phase-matching angle, the OPA output is optimized to exhibit the broadband spectrum with the two-hump structure, which allows for the generation of the more continuous high harmonic spectrum. This is different from the traditional two-color scheme where the delay line of the two pulses is optimized. We also experimentally investigate the relationship between the two-hump distance of OPA spectrum and the degree of the variation of harmonic spectrum from the discrete to the continuous.
In the experiment, the home-built infrared OPA system [20−22] is driven by a commercial Ti: Sapphire laser source operating at 800-nm wavelength and 45-fs pulse duration with a repetition rate of 1 kHz. The laser pulse of 6.8-mJ energy is used to pump the OPA source, generating the CEP stabilized output pulse tunable from 1.6 to 1.9 μm with the pulse energy about 1.2 mJ and the pulse duration about 48 fs. High-order harmonics are generated by focusing the infrared pulses in argon gas cell located in a high-vacuum interaction chamber. The laser intensity in the interaction region is estimated to about 1.5×10
14 W/cm 2 . The gas cell with a stagnation pressure of about 100 Torr is 2-mm long. The harmonic emission is detected by a home-made flat-field soft X-ray grating spectrograph, which consists of a goldcoated spherical mirror, a gold-coated cylindrical mirror, a slit, a Hitachi flat-field grating (1200 grooves/mm) and a soft x-ray CCD (SX 400, Princeton Instruments, USA). A 500-nm-thick zirconium foil is placed at the entrance of the spectrograph in order to block the infrared driving pulse. The spectrometer is set to observe the spectral range between 70 and 155 eV. The experimental setup is shown in Fig. 1 . The bandwidth and central wavelength of the OPA output can be controlled by adjusting the seed input and the crystal phase-matching angle. We firstly measure separately the HHG spectrum for the OPA output operating at a central wavelength of 1.75 μm in the case of the narrower-band and broader-band phase-matching conditions. Figure 2(a) shows the spectrum intensity of the OPA output for the two phase-matching conditions, which corresponds to the bandwidth (full-width at halfmaximum, FWHM) tunable from 100 to 195 nm. The generated high harmonic spectrum for the two cases is shown in Fig. 2(b) . We also measure the HHG spectrum for the OPA output operating at the central wavelength of 1.6 μm with and without the superposition of the relatively weak spectrum component centered at the wavelength of 1.8 μm. The OPA output spectrum and the correspondingly generated high harmonic spectrum for the two cases are shown in Figs. 2(c) and (d) , respectively. Obviously, the extension of the OPA spectrum bandwidth or the inclusion of the weak spectrum component by tuning the OPA system is in favor of the generation of high harmonic continuum. Especially for the latter such phenomena are more evident. Furthermore, from the comparison between the blue-dashed line and the red-solid line in both Figs. 2(b) and (d) , one can see that the HHG spectra are characterized by the weaker intensities and the lower cutoff energies in the case of broadening and adding the OPA spectrum, which can be attributed to the reduced conversion efficiency when operating the OPA system near the degenerate condition associated with the broader-band phase matching. Additionally, Figs. 2(b) and (d) show that there is a dip around 105 eV in the HHG spectrum. It is possibly caused by nodal point in the modulus of the radial wave function of Ar 3p subshell in momentum space, as represented in Ref. [23] .
We point out that both broadening the OPA spectrum and introducing the additional spectrum component make the spectrum profile exhibit the two-hump structure. In order to further investigate how the twohump structure affects the variation of high harmonic spectrum from the discrete to the continuous, we measure the HHG spectrum with different two-hump distances by slightly changing the chirp parameter of the 800-nm OPA pump pulse, which can be achieved by tuning the grating separation in the pulse compressor of the Ti: sapphire laser source while keeping the pulse energy, the pulse duration and the spectral profile of the OPA output almost identical. Figure 3(a) shows the OPA output spectrum, exhibiting the two-hump distance of 40 nm, in the case of the two chirp values of pump pulse, denoted by chirp 1 (red-solid line) and chirp 2 (blue-dashed line). Figure 3(b) shows the corresponding HHG spectra with the discrete structure (red-solid line) for chirp 1 and the continuous structure (blue-dashed line) for chirp 2. We can see that the degree of the variation from the discrete to the continuous is not very evident due to the small two-hump distance. In contrast, we try to increase the two-hump distance by tuning the OPA system to a new working status. Figure 3(c) shows the OPA output spectra of the 200-nm two-hump distance produced by two different pump chirps, and Fig. 3(d) shows the correspondingly discrete and continuous HHG spectra. We can see that the large two-hump distance can lead to the much more evident variation of the harmonic spectrum from the discrete to the continuous. Therefore, the twohump distance of the OPA spectrum plays an important role in the degree of the variation of the generated harmonic spectrum from the discrete to the continuous. The previous two-color scheme enable the generation of the high-order harmonic continuum through the superposition of the two adjacent noncom mens urate infrared laser pulses from OPAs [19, 20] . For example, in Negro's experiment, the two infrared pulses were at the central wavelengths of 1.35 and 1.75 μm and the full bandwidth of each color component was about 300 nm. In our scheme, the XUV quasi-continuums with photon energy above 110 eV can be generated using only one infrared laser pulse with the two-hump spectrum structure, due to the fact that the full bandwidth of our infrared pulse is relatively broader. Here the spectrum range mainly covers from 1.5 to 2.0 μm at two central wavelengths of 1.6 and 1.8 μm and each hump has the relative bandwidth about 250 nm. In comparison with the previous twocolor scheme where the HHG spectrum from the discrete to the continuous can be controlled by the superposition of two laser pulses, we achieve the HHG spectrum from the discrete to the continuous by optimizing the pump chirp, which alters the relative phase between the two humps. Therefore, such experimental phenomena can be attributed to the optimal choice of the relative phase of two-color component involved in the broad-band OPA output. The advantage of the present two-hump scheme over the traditional two-color field scheme based on the superposition of two laser pulses, lies in that no optical delay line for the two pulses is required and therefore the timing jitter due to the pointing instability and vibration is removed. We should emphasis here that the observation of the phenomenon is strongly dependent on the broad bandwidth and the large two-hump distance of the OPA output spectrum.
In order to theoretically interpret our experimental results, we simulate the harmonic emission using the simplified Lewenstein model [9, 24, 25] in the configuration of the two-color laser field. The time delay between the two fields is optimized in order to observe the harmonic spectrum varying from the discrete to the continuous. Note that the change of the time delay in the temporal domain is equivalent to the change of the relative phase of the two-color field in the spectral domain. The two-color spectrum used in the simulation and their contribution to the harmonic emission are shown in Fig.  4 . Figure 4 (a) simulates the distance of two spectrum components is narrower than the one shown in Fig. 4(c) . The differences between the time delay 1 and delay 2 are within 0.1 fs, due to the slight variations of the experimental chirps. One can see from the Figs. 2(b) and (d) that the harmonic emissions can vary from the discrete (red line) to the continuous (blue line) upon the variation of the delay value. The comparison of Figs. 4(a), (b) and (c), (d) shows the larger two-hump distance supports the larger degree of variation of the harmonic structure from the discrete to the continues, which is agreement with our experimental result.
In conclusion, we experimentally investigate the relationship between the structure of the driving OPA spectrum and the shape of the generated high harmonic spectrum. It is found that the HHG exhibits more continuous spectrum upon broadening the OPA spectrum or introducing another weak spectrum component by tuning the OPA system. The generation of the XUV continuum using such broadband two-hump pulse produced by the optimal pump chirp is also experimentally demonstrated. It can be interpreted by the superposition effect of the two-color component of the OPA output. Therefore, the search of the optimal condition for the two-color component configuration through tuning the chirp of OPA pump pulse represents a simple scheme for the generation of the XUV continuum with photon energy exceeding 110 eV.
